Bismuth thin films constitute a promising nanostructure for the fabrication of spin-based devices.
Introduction
Bismuth (Bi) is a semimetal with interesting electronic properties arising from a carrier mean free path 1,2 and a Fermi wavelength 3,4 larger than those obtained in other materials. These two characteristics make Bi a suitable scenario for the study of classical and quantum size effects (SE and QSE) on the electronic properties [5] [6] [7] [8] [9] . In addition, Bi surface states are strongly spin-polarized via the Rashba effect 10 , which could cause Bi to have a strong impact in spintronics. 11 Although there are some studies about these effects on Bi nanowires, 12, 13 thin films represent a better configuration to study the implementation of these effects in Bi-based devices. In fact, very recently a large spin to charge conversion induced by spin-orbit coupling in a Bi/Ag Rashba interface has been measured. 14 Compared to other growth techniques, the electrodeposition presents some advantages for the deposition of Bi films. First, this technique has a high deposition rate, and it is compatible with patterning and large-scale production. Second, high quality Bi thin films can be obtained onto metals (Au, Cu, Al) [15] [16] [17] [18] , semiconducting substrates (GaAs) [19] [20] [21] , glassy carbon 22 and fluorine-doped tin oxide (FTO)-coated glass 23 . Among all these possible substrates, semiconductors appear as the most interesting for a better integration of Bi films in electronic devices. Rectifying 20 or tunnel 21 Schottky barriers can be obtained by varying the substrate doping level, leading to different mechanisms for electron transport through the interface, Thermionic Emission or Thermionic-Field Emission. Moreover, just modifying the substrate surface orientation it is possible to synthesize Bi thin films with both a different crystalline texture and interfacial electrical properties 21 . Therefore, a wide range of devices could be fabricated starting from just one material and growth technique.
In our previous work we reported some of the electrochemical properties of n-GaAs electrodes 24, 25 and proved that they are suitable to grow high quality Bi thin films 21 . In this work we study the correlation between the growth overpotential and the nucleation process of 40 nm Bi layers grown by dc electrodeposition. We have chosen five different growth potentials within the range that goes from Bi(III) reduction until water reduction potential: -0.15 V, -0.2 V, -0.3 V, -0.5 V and -0.7 V (measured with respect to the Ag/AgCl electrode). We have employed highly doped GaAs substrates since tunnel Schottky junctions are a promising structure for spin injection/detection 26 . We have chosen the (111)B orientation since it provides Bi films with a slightly better morphology and higher out-of-plane crystal quality than those obtained onto GaAs(110) 21 . In Part I of this work we study the effect of the overpotential on the nucleation process that is dependent on the kinetics of Bi(III) ion reduction and on the onset of concurrent processes such as H + reduction or ion adsorption, e. g., H + or OH -, which play an important role in the overall process 27 . We have analyzed the current density transients obtained during the nucleation process by a procedure developed by Palomar-Pardavé et al. 28 that allows the deconvolution of the overall current into its individual contributions [29] [30] [31] [32] . In the literature there are several works that report the use of this formalism to study the nucleation of metallic deposits onto metallic surfaces 28, [31] [32] [33] [34] [35] [36] . However, to our best knowledge, there are rather few works in which this
procedure has been used to analyze the nucleation of metallic films onto semiconducting surfaces 37, 38 . In view of our results we can conclude that the nucleation process is directly related to the distribution of states in the energy band diagram of the semiconductor-electrolyte interface (SEI).
In Part II of this work we correlate the morphological and structural properties of the Bi films as well as the electrical properties of the Bi/n-GaAs interface with the nucleation process. Therefore, we can conclude that by means of the nucleation process it is possible to control the properties of the layers.
Methods
Electrochemical experiments have been carried out using a stable water-based electrolyte Figure 1 .a shows a cyclic voltammetry (CV) of two scans performed on the n-GaAs substrate in the Bi(III) solution. From this CV we can extract some information about our system (the n-GaAs/electrolyte junction) and the Bi(III)/Bi redox couple. The equilibrium potential of the junction is the open circuit potential, OCP = 100 mV. As will be seen later it is useful to define the overpotential of the junction as the bias voltage applied to it, i.e., the potential applied to the n- Bi,eq . The onset potential of Bi reduction (E Bi,onset ) on the n-GaAs substrate, that is the intersection between the rise current and the CV baseline, is higher in scan 1 (≈-150 mV) than in scan 2 (≈-100 mV) and consequently,  nucelation is higher in scan 1 (≈-160 mV) than in scan 2 (≈-110 mV). This difference between onset potentials is a reflection of the surface blockade produced by a layer of adsorbed hydrogen (H ads ) as we reported in previous works 24, 25 . Finally, since we are going to study the nucleation of Bi(III) ions onto a nGaAs substrate, we define the overpotential of Bi ( Bi ) as the applied potential (E) measured with respect to the onset potential,  Bi = E -E Bi,onset . It should be considered the onset potential of scan 2 since it is related to an n-GaAs surface without H ads blockade. ) or an exponential decay (j ~ e -kt ). Therefore, this is not a diffusion-controlled process as it does not apply to the former, and neither can be associated with a pure charging of the SEI 30 as it cannot be explained by the latter. After this decay, the current rises due to the formation and growth of threedimensional (3D) Bi nuclei, reaching a maximum (j max , t max ) that corresponds to the overlap of the diffusion fields of the growing nuclei. Then, the current decreases and tends to a constant value as the electrode surface evolves from the 3D to a 2D geometry due to the overlap of the Bi nuclei. The transients obtained at higher  SEI (-0.6 V and -0.8 V) only show a monotonic current decay that tends to a constant value at longer time. If we try to normalize the current density transients that present a current maximum according to the model derived by Scharifker and Hills 41 , it can be seen that the experimental data for  SEI = -0.25 V and -0.3 V lie beyond the theoretical curve for progressive nucleation and the data obtained for  SEI = -0.4 V do not follow any of the theoretical curves at short times ( Figure   2 .a). If the curves are corrected according to Rigano et al. 42 and the initial current decay is neglected, the normalized curves still differ from the theoretical curves (Figure 2 .b). This behavior indicates that the current involved in the nucleation of the Bi films is formed by more than one contribution, which means that the reduction of Bi(III) ion takes place with concurrent processes.
This is not surprising if we consider all the different energy states present in the SEI (Figure 3 .a).
Energy Band Diagram of the Semiconductor-Electrolyte Interface
In order to understand the evolution of the Bi films nucleation as a function of  SEI and to elucidate the contributions to the overall current, it is previously necessary to describe the energy band diagram of the studied SEI. It is widely known that semiconductor electrodes are more complex than metal electrodes due to the particular electronic structure of the former. Besides the conduction (CB) and valence bands (VB), which introduce two possible paths for electron transfer, the semiconductor surface has surface states that strongly influence the kinetics of chemical and electrochemical processes that occur on the electrode surface 43, 44 . Surface states can be classified into intrinsic and extrinsic 27, 45 . The former are surface states with short relaxation times ( = 10 -6 -10 -3 s), associated with dangling bonds present at the ideal surface ("truncated bulk"), i.e. only dependent on the crystallographic orientation of the surface 44, 45 . Due to the 2D symmetry of the surface, the dangling bonds give rise to surface bands located in the energy band gap of the semiconductor that can partially overlap with the CB or the VB depending on the charge character of the dangling bond. Extrinsic surface states are assigned to surface imperfections, i.e.
perturbations of the ideal surface. The extrinsic states do not have symmetry and consequently, they lead to discrete energy states in the band gap. They have longer relaxation times ( = 1 s) and predominate over the intrinsic states 44 . In the case of GaAs(111)B, the intrinsic states are related to the dangling bonds of the surface As atoms. These unsaturated bonds have a donor character and can be considered as half-filled due to the breaking of the covalent bond. Therefore, the As-derived surface band is located near the edge of the valence band and is half-filled 45 (SS int in Figure 3 .a). On the other hand, a common extrinsic state on As-rich GaAs surfaces is an As antisite (As atoms in Ga positions each of them surrounded by four As atoms), which produces an acceptor level at 0.75 eV and a donor level at 0.52 eV above the edge of the VB, according to the Advanced Unified Defects Model 45, 46 (SS ext in Figure 3 .a). Although the SEI can be a more complex structure, it is possible to establish some analogies with a Schottky barrier where the metal role is played by the electrolyte and the interfacial states are the surface states of the GaAs electrode (Figure 3 .a) 43, 44, 47 . When an electrode is immersed into an electrolyte, the system reaches the electrochemical equilibrium by leveling the Fermi energy levels of both media transferring charge from one to another 43, 47 . For an n-GaAs electrode, the electrons are transferred from the semiconductor to the electrolyte, leaving a space charge region (SCR) with a fixed positive charge associated with the ionized donors of the semiconductor. Since the electrons cannot be free in the electrolyte, they remain at the semiconductor surface, occupying surface states. Some of these electrons interact with chemical species present in the electrolyte producing adsorbed species at the semiconductor surface. This adsorption saturates the dangling bonds and minimizes the surface energy, avoiding reconstruction or relaxation of the semiconductor surface 44 .
In our case, some of the transferred electrons strongly interact with the cations of the electrolyte through the dangling bonds of As surface atoms which could be considered perpendicular to the semiconductor surface and half filled 45 . Since the predominant cations are protons, As-H bonds are created 45 . These bonds have already been observed by photoelectron spectroscopy on GaAs surfaces treated with HCl and rinsed in water 39 . However, As-OH bonds have not been observed except when the surface is treated with a basic solution as NH 4 OH and rinsed in water 48 . Therefore, we can suppose that the GaAs surface is mainly covered by As-H bonds and the amount of As-OH bonds is very small. Due to the covalent nature of the As-H bonds 49, 50 , a highly stable adsorbed hydrogen (H ads ) is formed on the GaAs surface 24 . This blockade is reflected as a shift between the cathodic peaks of consecutive scans of a CV performed on an n-GaAs substrate in the Bi(III) solution 24 ( Figure 1.a) . In the first scan, the As-H bonds are substituted by As-Bi bonds during the cathodic stage and by As-OH bonds during the anodic stage 25, 50 . When the CV ends at the OCP, the GaAs surface will be mainly covered by OH -, ClO 4 -and water molecules due to the electrostatic attraction produced by the ionized donors present in the SCR of the GaAs 47, 50, 51 . These species are not strongly attached to the GaAs surface and do not block it. Therefore, just after performing a CV the n-GaAs surface is momentarily unblocked ), we can obtain fb F E as follows:
where q is the electron charge. From fb F E we can obtain the position of the CB edge at the surface as follows:
where n is the electron concentration of the electrode (≈ 2 · 10 16 cm -3 52 ), Nc is the effective density of states in the CB of the GaAs (4.7 · 10 17 cm -3 ) 51 , k B is the Boltzmann constant and T is the temperature. The position of the VB edge at the surface can be obtained as follows:
where E g = 1.42 eV is the band gap of GaAs 51 . 
where the Fermi energy level at the bulk has been calculated according to Nilsson approximation 54 (E F -E C = 90 meV). The width of the space charge region (w) is: should be pointed out that an electrolyte is more complex than a metal because it has more than one energy level (one per redox couple), and the energy levels are not discrete but present a Gaussian distribution due to the effect of the water molecules (polar molecules) surrounding the ions 43, 44, 55, 
Analysis of the Current Density Transients
When a  SEI is applied to the n-GaAs/electrolyte junction, the junction is biased and the In order to extract the individual contributions to the overall current, the transients shown in 
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. This formalism consists of the analysis of the transients by a nonlinear fit of the experimental data to different nucleation models, using the Marquardt-Levenberg algorithm, which allows the deconvolution of the total current density (j(t)), into individual contributions 29, 31, 32, 36, 57 . For cathodic reactions, where the current density is negative, the absolute value of the current density should be used. Our analysis shows that all transients are indeed formed by several contributions that can be related to different processes that take place at a SEI when it is biased. At low  SEI , two regimes delimited by an induction time (t 0 ) can be distinguished. During the first regime, t < t 0 , four different processes run simultaneously:
[a] Charging of the SEI capacitance. The equivalent electrical circuit of the SEI is formed by several capacitances and resistances: semiconductor capacitance (C sc ), surface states capacitance (C SS ), double layer capacitance (C H ), charge transfer resistance (R t ), etc. 40, 43, 47 .
When the SEI is biased, the capacitances are charged. Although it is more complex, we have made the approximation of considering the SEI as a simple series RC circuit 47, 58 . Therefore, the current involved in the charging of the SEI capacitance is:
where Q SEI is the electrical charge involved in the process, and  SEI = R·C its time constant,
where R is the SEI resistance and C the SEI capacitance. The duration of the process can be considered as 5 times  SEI .
[b] Desorption of ClO 4 -and OH -anions. As aforementioned, the nucleation of the Bi film starts after a CV that ends at the OCP (Figure 2 .a). At this point, the substrate surface will be mainly covered by anions and water molecules adsorbed during the anodic stage of the CV 24, 50 . When the applied potential is varied from the OCP to a more negative potential, the SCR width decreases (eq. 5) as well as the amount of positive fixed charge. Consequently, some of the adsorbed anions are desorbed to maintain the electrical neutrality of the SEI. This process is directly related to the charging of the SEI. This process can be described as follows:
where Q des is the electrical charge involved in the process and des its time constant 30 .
[c] Adsorption of H + on the GaAs surface. This process produces a change of the n-GaAs surface from a hydroxylated (As-OH) to a hydrogenated state (As-H). It occurs via intrinsic and extrinsic surface states, and can take place even when the H + reduction reaction is not activated as it has been observed by Electrochemical Impedance Spectroscopy 59 . This process can be described by:
where Q ads is the electrical charge involved in the process and ads its time constant 30 .
[d] Reduction of H + on the GaAs surface by the reaction:
This process follows the Volmer-Heyrovsky route 60 , and requires two electrons of the CB, i.e.
it occurs through conduction band states 49, 60 . Due to the high electron concentration of the nGaAs substrates, the SCR is rather narrow and conduction electrons can reach the electrolyte either by thermionic emission over the barrier or by tunneling through it (Thermionic-Field Emission theory, TFE) 61 . The whole process can be described by the following expression 31, 62 :
where z PR is the number of electrons involved in the reduction reaction, F is Faraday's constant and k PR is the rate constant of the reaction.
When the SEI is charged and the Helmholtz layer has been reorganized, the second regime starts for t > t 0 , and Bi(III) ions start to reduce into metallic Bi progressively covering the GaAs surface. This process is described as follows:
[e] Reduction of Bi(III) ions into metallic Bi following a 3D nucleation controlled by diffusion 29 , and delayed by an induction time, t 0 , associated with the initial current decay 42, 63 . This process can be described by the following expression:
where (t) is the substrate surface area covered by the diffusion zones of the Bi nuclei 64 :
where Therefore, these processes run in parallel 30, 59 . Consequently, H + adsorption takes place until the whole GaAs surface is covered by Bi nuclei. Initially, we also considered the contribution assigned to H + reduction on the Bi surface. However, we found that this contribution is negligible due to the slow kinetics of this reaction on this metal since both the adsorption and the charge-transfer step are rather slow 66, 67 . In fact, Bi is a notoriously poor electrocatalyst for hydrogen evolution reaction 68 .
To sum up, the current density transients shown in Figure 1 .b have been analyzed by fitting the experimental data to the following expressions:
In order to obtain accurate and reliable results, all the experimental current density transients shown in Figure 1 .b have been fitted computing the value, the standard error and the lower (LCL) and upper (UCL) 95% confidence limits of the parameters
A and N 0 . The best-fit parameters are listed in Table 1 , whereas their respective errors obtained on basis of the 95% confidence limits are listed in Table 2 . Data listed in Table 1 and Table 2 show Figure 1 .b and reported in Table 1 .  SEI = -0.3 V when the process becomes undetectable. As expected, t 0 is higher than  SEI and  des , i.e. the reduction of Bi(III) ions does not start until the SEI has been reorganized. As well as  SEI and  des , t 0 decreases rapidly with the overpotential as the SEI reorganization is faster. For  SEI higher than -0.4 V, t 0 is smaller than the step time used to record the experimental transients and therefore, it is considered null.
Proton reduction on the GaAs surface (j PR , light blue dashed line in Figure 4 .b-e) is activated at  SEI above -0.25 V (Table 1 ). According to TFE theory, k PR , should approximately exponentially increase. However, at  SEI = -0.4 V k PR increases more than expected probably due to the pinning of the Fermi level at the higher surface states assigned to As antisites (0.75 eV above VB) 44 . . Based on the classical theory of electrocrystallization, Sebastián et al. 69 derived an expression for the nucleation rate in terms of the Bi overpotential,
where j 0 is the exchange current density (A·cm , even if we considered that two electrons are needed to replace an As-OH bond by an As-H bond 60 , and that the atomic surface density of GaAs (111) 
where 
. Therefore, we obtain:
where (Table 1) . Taking into account these three effects, we can eventually explain the evolution of j ads with  SEI (Figure 4 .a-e). At low  SEI (-0.25 V to -0.4 V),  ads progressively decreases as the Bi nucleation rate increases (Table 1) . Since the amount of occupied surface states remains the same (As-derived band and the lower As antisite level), Q ads decreases due to the decrease of  ads but also due to the decrease of surface hole population (Table 1) Since the potential barrier for the electrons is considerably high (eq. 4) but the SCR is considerably narrow (eq. 5) and the two reactions occur via conduction electrons, electron transport will follow the TFE theory 61 . If some surface states are available, as As antisites, they assist the electrons tunneling through the barrier (blue arrows in Figure 5 .b). Therefore, the As antisite higher level is set aside to assist both the reduction of Bi(III) ions and H + and does not have influence on the H + adsorption, i.e. it can be considered that it does not exist. At higher  SEI (-0.6 V and -0.8 V) both reduction reactions become progressively governed by thermionic emission over the barrier (yellow arrows in Figure 5 .c), and this extrinsic surface state can be again occupied again by H ads, which progressively increases Q ads (Table 1 ). do not consider them in our model.
Conclusions
In this work we report the influence of  SEI on the nucleation process of 40 nm-thick Bi layers electrodeposited on n-GaAs(111)B substrates. The deconvolution of the current density transients recorded during the nucleation of the layers has proved to be a powerful tool to gain insight into this initial stage of the growth and to determine the processes that are involved in it. In the case of 
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